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Receptor-mediated Gene Transfer to Airway Epithelial Cells 
in Primary Culture 
C. E. Harris, S. Agarwal, R-c. Hu, E. Wagner, and D. T. Curiel 
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Research Institute of Molecular Pathology, Vienna, Austria; and Department of Pulmonary and Critical Care 
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A variety of methods have been utilized for gene transfer to the cells of the airway epithelium. These have 
included DNA-mediated mechanisms of gene transfer as well as recombinant viral vectors. Despite the 
availability of these methods, limitations in their Utility Warrant the development of alternate Systems. As 
an alternative, receptor-mediated endocytosis using transferrin-polylysine conjugates has been shown to 
transduce immortalized airway epithelial cells efficiently via a physiologic pathway. When transferrin-
polylysine conjugates were used to transduce airway epithelial cells grown in primary culture, however, 
gene transfer occurred inefficiently. Investigation into this relative inefficiency centered on endosomal en-
trapment of the conjugate-DNA complex. Pretreatment of the cells with chloroquine, which causes 
vacuolization and disruption of the endosome, or co-delivery of adenoviral particles, which serves to lyse 
the endosomal membrane, were both associated with greatly improved gene transfer efficiency. These 
studies established that the relative refractory State of the airway epithelial cells in primary culture was 
secondary to the retention of the internalized material within the endosome. We thus explored the 
efficiency of conjugates that possessed a mechanism to escape this endosomal entrapment; adenovirus-
polylysine conjugates and transferrin-polylysine/adenovirus-polylysine conjugates were thus employed. 
Gene transfer efficiency improved significantly with the adenovirus-containing conjugates. These data 
support the concept that conjugates can be synthesized that mediate highly efficient gene transfer to airway 
epithelial cells in primary culture via the receptor-mediated endocytosis pathway. 
Airway epithelial cells grown in primary culture have been 
transduced by a variety of techniques (1-5). These include 
the various DNA-mediated methodologies as well as re-
combinant viral vectors. These techniques have been ex-
tremely useful in elucidating aspects of airway cell biology. 
Additionally, definitive genetic therapeutic interventions for 
a variety of diseases affecting the respiratory tract, such as 
a,-antitrypsin and cystic fibrosis, may be feasible employ-
ing some of these gene delivery vectors (6-9). Despite the 
availability of these types of gene transfer vectors, technical 
and practical limitations involved in their employment have 
mandated that alternative vector Systems be developed. 
Initial attempts to express heterologous genes in airway 
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epithelial cells involved DNA-mediated methods. These 
have included calcium phosphate precipitated with D N A , 
liposome-directed D N A transfer, and D N A delivered by 
electroporation. Calcium phosphate precipitated with D N A 
was initially employed to transfect a variety of immortalized 
and primary cultures of cells (1). Use of this technique to 
achieve transient and long-term gene expression in bronchial 
epithelial cells, however, has been associated with significant 
toxicity. With Strontium as an alternative cation, cytotoxicity 
was decreased but still significant (2). Cationic liposomes 
have also been used to transfer heterologous genes to airway 
epithelial cells (3, 4). This method involves the interaction 
of positively charged lipids with negatively charged D N A to 
form a complex that fuses with the cell membrane. This 
complex accomplishes delivery of the D N A to the cell, 
whereby expression of the delivered D N A can occur. Tran-
sient and stable expression of foreign genetic material has 
been achieved using this technique. Despite the relative ease 
of preparation, toxicity was also noted with this method, 
even after relatively short exposures (4). Exogenous genetic 
material has also been introduced into airway epithelial cells 
by electroporation (5). This technique is accomplished by 
mixing epithelial cells in suspensions with D N A and apply-
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ing a brief electrical pulse. Pores are briefly formed in the 
cell membrane allowing the D N A to enter the cell. In this 
procedure, cell viability was adversely affected, an effect that 
correlates with the strength of the electrical pulse. 
As an alternative to these DNA-mediated methods, viral 
vectors have been used to transduce the airway epithelium. 
In this regard, efficient transduction has been noted with 
recombinant retroviral and adenoviral vectors (6-9). While 
these agents possess a higher efficiency of gene transfer, tech-
nical difficulties involved in their production have limited 
their widespread Utility. In addition, these agents suffer from 
practical limitations related to the size of D N A that can be 
incorporated as well as potential interactions of heterologous 
D N A sequences with viral regulatory elements. 
In this study, we have explored an alternative vector Sys-
tem to transduce airway epithelial cells in primary culture. 
This vector System exploits a normal cell entry pathway, 
receptor-mediated endocytosis, to accomplish delivery of 
exogenous genetic material to the cell (10-19). In this 
strategy, a ligand for a specific cell surface receptor is linked 
to a DNA-binding moiety— in this case, a polymer of posi-
tively charged amino acids, such as poly(L)lysine. When al-
lowed to react with a nucleic acid, complexes form with the 
ligands on the exterior and the genetic material on the in-
terior. This allows specific interaction with the cell surface 
receptor, followed by internalization. Confirmation that 
receptor-mediated endocytosis specifically directs delivery 
of the exogenous gene derives from the attenuation of gene 
transfer activity seen after the addition of an excess quantity 
of unconjugated ligand. This also serves to confirm that the 
specificity of the ligand for the receptor is unaltered after the 
linkage to the polylysine (13, 16). Potential advantages of this 
System include cell entry by a physiologic pathway, thereby 
reducing toxicity to the cell. Repetitive delivery is thus made 
possible. In addition, the design plasticity of this System al-
lows the potential for specific cell targeting. Finally, given 
the synthetic nature of the components, large-scale prepara-
tion of the reagents can occur easily. We have previously 
shown that this method was effective in transducing immor-
talized cells of the airway epithelium (16, 19). In this study, 
we show this to be an effective method for the transduction 
of airway epithelial cells in primary culture. 
Materials and Methods 
Preparation of Cells 
Two types of cellular targets derived from human airway 
epithelia were employed in this study. The HBE1 cell line is 
an airway epithelial-derived cell line that has been immortal-
ized by the human papilloma virus. HBE1 cells were grown 
in Ham's F12/7X medium as previously described (20). In 
addition to immortalized airway epithelial cells, primary 
cultures of human airway epithelial (HAE) cells were em-
ployed. These were obtained from surgical specimens of na-
sal polyps by described techniques (21, 22). Briefly, Protease 
XIV and DNAse digestion at 4 ° C were used to dissociate the 
epithelial cells from the underlying submucosa. After enzy-
matic removal, the cells were filtered, pelleted, washed, and 
resuspended in Ham's F12/7X medium. They were then 
plated on 6-cm plastic dishes at a density of 5 x 105 cells 
per plate. After approximately 2 to 3 days in culture, the cells 
were 50 to 75% confluent. 
Preparation of Molecular Conjugate Vectors 
Various species of molecular conjugate vectors were evalu-
ated for their ability to transduce airway epithelial cells. Hu-
man transferrin-poly(L)lysine (hTfpL; Serva Biochemicals) 
is a binary conjugate consisting of transferrin covalently 
linked to poly(L)lysine. To form complexes with D N A , 12 
/xg hTfpL in 150 /xl HBS (150 m M NaCl + 20 m M Hepes, 
pH 7.3) was combined with 6 /xg plasmid D N A in 350 /xl 
HBS. This mixture was allowed to react for 30 min at room 
temperature before application to cells. 
Adenovirus-polylysine (AdpL) is a binary conjugate, 
which is composed of an adenovirus linked to poly(L)lysine. 
In this configuration, the adenovirus moiety serves both as 
a ligand and as an agent to accomplish the lysis of the en-
docytotic vesicle, enhancing the overall gene transfer effici-
ency of this conjugate. The adenoviruses used in this con-
struction were either P259-Ad5 or P202-Ad5. P202-Ad5 is 
an adenovirus type 5 that has been altered such that a portion 
of the hexon capsid protein contains a heterologous epitope 
to allow an immunologic linkage to poly(L)lysine (23, 24). 
P259-Ad5 is derived from P202-Ad5 but has a deletion in the 
E1A/E1B regions, making it replication-incompetent (25). 
Adenovirus-component complexes were formed by the se-
quential addition of antibody-polylysine (MP301pL) in 250 
/xl HBS to 2.5 x 1010 viral particles. After 30 min of incu-
bation, 6 /xg of plasmid D N A in 125 /xl HBS was added. This 
mixture was also allowed to react for 30 min. Finally, 6 /xg 
poly(L)lysine (pL295) was added to complete the formation 
of the gene delivery vector. 
Human transferrin-polylysine/adenovirus-polylysine 
(hTfpL/AdpL) is a ternary conjugate that possesses both 
transferrin and the adenovirus. In the configuration, transfer-
rin serves as a ligand with the adenovirus serving as an alter-
nate ligand and as an endosomal lysis agent. This ternary 
complex is formed as above for AdpL. However, in the last 
step, instead of the addition of pL295, human transferrin-
polylysine (6 /xg) in 125 /xl HBS was added. 
The various conjugate species were used in transduction 
experiments. To transduce cells, 1 ml of Ham's 6X medium 
(Ham's F12/7X lacking transferrin) was added to each plate 
followed by 500 /xl of the conjugate-DNA complex. After 
this incubation, the plates were then returned to the incuba-
tor (37°C, 5% C0 2 ) for 1 h. The plate was then supple-
mented with an additional 1.5 ml of Ham's F12/7X medium, 
and the cells were incubated for a given period of time prior 
to the analysis of gene expression. 
Reagents 
Agents that affected the endosome/lysosome cellular path-
way were employed in some of the gene transfer experiments. 
Chloroquine H C l (Sigma Chemical Co. , St. Louis, MO) was 
used to cause osmotic disruption of the endosome. This was 
utilized as a Solution at a final concentration of 100 /xM. 
Adenoviruses were employed for their Utility as agents 
that disrupt the endosome membrane of target cells. For 
these studies, the adenovirus dl312 was used (26). This virus 
is replication-defective based on the deletion of the E1A re-
gion and a portion of the E1B region. Propagation of these 
virions was in the cell line 293, which complements the 
deleted viral genes. After production, viral particles were 
isolated by two rounds of cesium Chloride centrifugation. 
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They were then diluted with glycerol and frozen at —70°C. 
Analysis of Gene Transfer 
To analyze net gene transfer, two plasmid DNAs encoding 
the luciferase gene were used. The plasmid p R S V L has the 
Rous sarcoma virus long terminal enhancer/promoter driv-
ing the expression of a firefly luciferase gene (27). The plas-
mid p C M V L has the cytomegalovirus immediate early pro-
moter/enhancer Controlling the transcription of the firefly 
luciferase gene (28). Cells transduced by the various con-
jugate species were harvested, and cell lysates assayed for 
expression of the luciferase gene product. Assay of the lu-
ciferase activity of transduced cells was as described (16). 
Experiments were performed 2 to 4 times each. 
To determine the percentage of cells transduced, the plas-
mid pCMV/3, encoding for the ß-galactosidase gene, was 
used (29). This plasmid contains the C M V immediate early 
Promoter directing the synthesis of the bacterial enzyme 
ß-galactosidase. The activity of this enzyme in transduced 
cells was then demonstrated by fixing in paraformaldehyde 
and addition of 5-bromo-4-chloro-3-indolyl-i3-D-galactoside 
(X-gal). 
Results 
Gene Transfer to Human Airway Epithelial 
Cells via the Transferrin Pathway 
Experiments were carried out to determine whether airway 
epithelial cells in primary culture could be transduced via the 
transferrin internalization pathway. In these studies, trans-
ferrin-polylysine conjugates complexed with p R S V L were 
applied to the immortalized airway epithelial cell line, HBE1, 
and airway epithelial cells in primary culture. Analysis of net 
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Figur e 1. Receptor-mediated gene transfer to HBE1 cells and hu-
man airway epithelial (HAE) cells in primary culture. Human 
transferrin-polylysine (12 ttg) was combined with the reporter plas-
mid pRSVL (6 /xg) and delivered to cells. Cells were harvested at 
24 h, and lysates were evaluated for luciferase gene expression after 
standardization for protein content. 
gene expression demonstrated transduction of the HBE1 
cells while the cells in primary culture exhibited luciferase 
levels similar to that observed in nontransduced control 
cells. Specifically, as depicted in Figure 1, heterologous gene 
expression in HBE1 cells was approximately 6 times back-
ground, whereas in the analysis of the primary cells, levels 
did not differ significantly from the background value. Thus, 
these two types of cells of airway epithelial derivation dif-
fered markedly in their susceptibility to gene transfer via the 
transferrin pathway. 
To explore this difference in susceptibility to the trans-
ferrin-polylysine conjugates, two hypotheses were consid-
ered. Diflerent populations of transferrin receptors, and thus 
differences in the ability of the target cells to internalize the 
conjugate, could explain this difference. Alternatively, the 
fates of the endocy tosed material could be diflerent in the cell 
populations. Since it has been established that efficiency of 
gene transfer via the receptor-mediated endocytosis pathway 
can be limited by entrapment of the delivered D N A within 
the endosome (15, 19), this possibility was initially consid-
ered as an explanation in this instance. 
Effect of Modulation of Endosome/Lysosome Pathway 
on the Efficiency of Gene Transfer by 
Transferrin-Pölylysine Conjugates 
To determine whether lysosomal degradation contributed to 
the relatively limited gene transfer efficacy of the conjugate-
delivered D N A noted in cells grown in primary culture, we 
employed chloroquine, an agent that causes vacuolization of 
the endosome and subsequent release of the endocytosed 
material (30). After being treated with chloroquine for 4 h, 
these cells were washed with media and transduced with 
transferrin-polylysine-pCMVL-DNA complex. Analysis of 
the cells at 24 h showed augmentation in gene transfer 
efficiency as shown (Figure 2). This finding was consistent 
with the concept that gene transfer was limited by the deliv-
ery of the conjugate-DNA complex to the lysosomal path-
way. As an additional strategy to confirm the contribution of 
endosomal entrapment to the limited conjugate efficiency, 
we employed the adenovirus dl312 as an agent to accomplish 
disruption of the endosome. In this regard, it is known that 
adenoviruses facilitate the exit of delivered D N A from the 
endosome and thus enhance conjugate-mediated gene deliv-
ery (19). In this study, cells were co-treated with 2.5 x 
1010 dl312 adenoviral particles and the transferrin-polyly-
sine-plasmid D N A complex. It can be seen in Figure 2 that 
gene expression employing this agent was significantly aug-
mented compared with transferrin-polylysine-plasmid D N A 
alone. These findings were consistent with the concept that 
the limitation of conjugate gene transfer efficiency in human 
airway epithelial cells in primary culture is principally due 
to the entrapment of the delivered D N A within the endo-
cy totic compartment and subsequent degradation. Further-
more, overall gene transfer efficiency could be augmented by 
employing maneuvers to overcome cell vesicle entrapment. 
Gene Transfer to Human Cells in Primary Cultures with 
Conjugates that Pössess Endosome Lysis Activity 
Since it was demonstrated that endosomal entrapment of the 
heterologous gene limited conjugate efficiency in human air-
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F i g u r e 2 . Effect of agents that modulate endosomal/lysosomal 
pathway on human transferrin-polylysine-mediated gene transfer to 
human airway epithelial cells. Human transferrin-polylysine (12 
/xg) was complexed with pCMVL (6 /xg) plasmid DNA. Cells were 
then treated either with chloroquine HCl at a final concentration of 
100 /xM or 2.5 x 1010 dl312 adenovirus particles per plate. Sam-
ples were harvested at 24 h and aliquots were analyzed for lucifer-
ase activity as previously described. 
way epithelial cells in primary culture, we explored the Util-
ity of conjugates that possessed endosomal lysis activity as 
part of their functional design. Initially, we compared net 
gene expression using the various conjugate species. Trans-
ferrin-polylysine conjugates, adenovirus-polylysine conju-
gates, and transferrin-polylysine/adenovirus-polylysine con-
jugates were delivered to cells of human airway epithelial 
origin grown in primary culture. Consistent with the concept 
that delivered D N A was significantly retained within the en-
dosome, data in Figure 3 demonstrate that the conjugates 
containing the adenovirus showed increased gene expression 
compared with the transferrin-polylysine conjugates. This 
reflects the fact that the adenovirus-containing conjugates 
possessed a mechanism to escape entrapment and thus are 
more efficacious in accomplishing gene transfer. Interest-
ingly, the transferrin-polylysine/adenovirus-polylysine con-
jugate, which possesses two mechanisms for cellular entry, 
demonstrated a further advantage over the construct that 
enters cells by the adenoviral receptor alone. In this configu-
ration, the presence of a second ligand allows enhanced entry 
and thus augmented gene expression. Additionally, the en-
hanced gene transfer efficiency seen with the transferrin-
polylysine/adenovirus-polylysine conjugates compared with 
that seen with free virus likely results from the nuclear local-
ization capacity of the adenoviral capsid. Once the adenovi-
rus has escaped from the endosome, it localizes to the nu-
cleus. Indeed, electron microscopy has clearly demonstrated 
attachment of viral particles to the nuclear membrane during 
the infection process (24, 31). Similar experiments were 
repeated using airway epithelial cells in primary culture 
hTfpL AdpL hTfpL/AdpL 
F i g u r e 3 . Gene transfer to airway epithelial cells using various 
species of molecular conjugates. Transferrin-polylysine (hTfpL), 
adenovirus-polylysine (AdpL), and transferrin-polylysine/adeno-
virus-polylysine (hTfpL/AdpL) conjugates were prepared as de-
scribed above and delivered to cells derived from the airway epithe-
lium. At 24 h, cell lysates were analyzed for luciferase enzyme 
activity. 
from mouse, monkey, and ferret lung. In all of these experi-
ments, significantly augmented gene transfer was again noted 
with the adenovirus-containing conjugates compared with 
conjugates lacking endosome lysis activity (data not shown). 
To determine whether the level of net gene transfer cor-
related with the transduction frequency of the total available 
population, the histologic reporter 0-galactosidase was used 
in conjunction with the conjugates. Conjugates were formed 
with pCMVjS and incubated with the airway epithelial cells. 
At 24 h, the cells were fixed and ß-galactosidase activity was 
detected as described. Microscopic examination shown in 
Figure 4 demonstrated that the transferrin-polylysine con-
jugates transduced fewer than 1% of cells. Approximately 
8% of the cells were transduced by the adenovirus-poly-
lysine conjugates and greater than 25% of the cells were 
transfected with the transferrin-polylysine/adenovirus-poly-
lysine conjugates. This demonstrates that the relative level 
of gene transfer found in the experiments with the luciferase 
gene correlated with the percentage of cells transduced in 
these experiments. These data also illustrate that highly 
efficient gene transduction could be achieved with this gene 
transfer method. 
Time Course of Gene Expression in Primary 
Cultures of Human Airway Epithelial Cells 
Because the D N A delivered by this method possesses no 
specific Integration mechanism, it would be anticipated to 
have transient expression only. To explore the time course of 
this gene expression, we evaluated net gene expression over 
a 7-day period. Adenovirus-polylysine conjugates complexed 
with p R S V L plasmid D N A were delivered to cultures of hu-
man airway epithelial cells. Cells were lysed at days 1, 3, 5, 
and 7; lysates were frozen at - 7 0 ° C until the time of assay. 
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F i g u r e 4 . Determination of transduction fre-
quency to airway epithelial cells using vari-
ous species of molecular conjugates. Con-
jugates were formed as described in Figure 3, 
with the exception of the use of the plasmid 
pCMV/3. Conjugates were delivered to cells, 
and analysis of gene expression occurred at 
24 h. Figure 4a represents cells transduced 
with hTfpL, whereas Figures 4b and 4c de-
pict a representative field of cells transduced 
with AdpL and hTfpL/AdpL, respectively. 
446 A M E R I C A N J O U R N A L O F RESPIRATORY C E L L A N D M O L E C U L A R BIOLOGY V O L . 9 1993 
107 
10e 
c 
2 10 5 = £ -
g> _ 
L i _ 
104 = 
103 
Days 
F i g u r e 5 . Time course of gene expression of human airway epithe-
lial cells transduced with adenovirus-polylysine conjugates. Ade-
novirus-polylysine conjugates complexed with the reporter pRSVL 
were delivered to primary airway cells as before. Lysates were ana-
lyzed at days 1, 3, 5, and 7. 
Evaluation of the data in Figure 5 shows that gene expression 
continued and, indeed, increased over this interval. This in-
dicates that the D N A delivered by this route remained within 
the cell during this period and was not eliminated. Examina-
tion of latter time points in rodent primary airway epithelial 
cells showed diminution of expression of the heterologous 
gene after 1 wk (data not shown). 
Discussion 
Gene transfer by the receptor-mediated endocytosis pathway 
offers an efficient and physiologic scheme for the delivery of 
exogenous D N A . Because the heterologous D N A enters the 
cell by a normal cell internalization pathway, the cell is not 
perturbed to any appreciable degree during the transduction 
process. The safety of the delivery technique thus permits 
cells to be transduced on a repetitive basis. It is significant 
to note that the potential exists to achieve cell-specific target-
ing, i.e., conjugates may be synthesized for a target cell of 
interest if Information is known about particular receptors on 
the cell surface. In this regard, Wu and co-workers have 
shown that conjugates synthesized with asialoglycoprotein as 
targeting ligand can deliver foreign genetic material with 
specificity to the liver (11,12). This capacity for cell-specific 
targeting may also allow particular cells within an organ's 
heterogeneous cell population to be specifically targeted if 
particular receptors are known that clearly delineate these 
various cell types. In addition, this gene transfer method 
offers several other potential advantages. In this regard, con-
struction of conjugates is technically simple. Finally, the 
conjugates are able to deliver large D N A molecules to the 
target cell and, since the D N A interacts with the polylysine 
in a sequence-independent manner, D N A of any design may 
be delivered. 
As previously shown, HBE1 cells, an immortalized air-
way epithelial cell line, were readily transduced by the trans-
ferrin-polylysine conjugates (16). However, airway epithelial 
cells grown in primary culture were not susceptible to gene 
transfer by this route. The difference in transduction efficiency 
could have been due to either differences in the receptor den-
sity on the respective cell surfaces or due to changes in the 
fate of the endocytosed material in these two cell types. The 
data derived in this study suggest that the degradative path-
way of the lysosome functions particularly well in the cells 
taken directly from the airway epithelium and that agents that 
inhibit or subvert this pathway, namely chloroquine and the 
adenovirus, increase gene transfer efficiency substantially. 
This limitation could be overcome when conjugates were 
formed that had the capacity to escape lysosomal degrada-
tion within the primary cell. Chloroquine is thought to in-
crease gene transfer activity because of its ability to cause 
vacuolization of the endosome. After endocytosis and endo-
some formation, release of the ligand from the cell vesicle 
occurs as a result of disruption of this subcellular compart-
ment. In this regard, proton pumps serve to lower the pH by 
translocation of the H + into the endosome. When chloro-
quine is present within the endosome during the acidification 
process, it acts as an osmotic agent, causing the endosome 
to swell and subsequently burst. This then allows endosomal 
escape of the conjugate-DNA complex, with the result being 
increased expression of the internalized D N A . The adenovi-
rus is also known to increase gene transfer efficiency by al-
lowing escape of the endocytosed material from the endo-
some. Uptake of the adenovirus by the cell occurs by the 
receptor-mediated endocytosis pathway. Receptors Cluster 
on the cell surface and clathrin-coated pits form. Endosomes 
are then formed, containing the ligand attached to the cell 
surface receptor. As mentioned above, acidification of the 
endosome occurs by a membrane-found proton pump. This 
causes a conformational change in the capsid protein of the 
virus, allowing interaction of the hydrophobic domains of the 
viral capsid with the endosome membrane, causing endo-
some disruption (32). This vesicle disruption step serves to 
allow delivery of the endosomal contents to the cytoplasm 
(31). Overall, we have shown increased gene transfer activity 
both qualitatively, with the luciferase data, and quantita-
tively, with the /3-galactosidase histologic data. 
In summary, data are presented for gene delivery by the 
receptor-mediated endocytosis route to airway epithelial 
cells grown in primary culture. Highly efficient transduction 
of these cells is noted when the adenovirus is used to func-
tion as an agent that lyses the endosome in the conjugate vec-
tor. This allows the delivered D N A to escape from the endo-
some, thereby allowing completion of gene transfer in these 
cells, which exhibit a physiologic level of endosomal degra-
dation. 
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